The newly discovered GRB 060218 is a nearby event with low luminosity, resembling GRBs 980415 and 031203. The fact that it was discovered by Swift slightly over 1-year operation suggests that the GRB rate of these low luminosity GRBs (LL-GRBs) should be much higher than previous expected, and that they form a distinct new class of GRBs with respect to the conventional high luminosity GRBs (HL-GRBs). We characterize the LF of each class by a smoothed broken power law,
INTRODUCTION
Gamma-ray bursts (GRBs) and supernovae (SNe) are two types of most violent explosions in the Universe. The connection between the two was predicted theoretically (Colgate 1974; Woosley 1993) , and has been verified observationally through detecting the spectroscopic features of underlying SNe in GRB 980425/SN 1998bw (Galama et al. 1998; Kulkarni et al. 1998 , with z = 0.0085, Tinney et al. 1998 ), GRB 030329/SN 2003dh (Stanek et al. 2003 Hjorth et al. 2003) , and GRB 060218/SN 2006aj (Modjaz et al. 2006; Pian et al. 2006; Sollerman et al. 2006; Mirabal et al. 2006; Cobb et al. 2006) . In some other cases, red SNe bumps were claimed in the late optical afterglow light curves (Bloom et al. 1999 (Bloom et al. , 2002 Della Valle et al. 2003; Fynbo 2004 ; see a comprehensive sample and references in Zeh et al. 2004) . It is now widely accepted that perhaps most, if not all, long GRBs are associated with deaths of massive stars and hence, SNe (for recent reviews, see Piran 2005) . However, it is unclear whether there are distinctly different mechanisms to make GRBs and what fraction of SNe are associated with GRBs. The GRB luminosity function is essential to reveal these uncertainties.
The luminosity distribution of the current long GRB sample extends almost 7 orders of magnitude, if the GRB 980425-like low luminosity GRBs (LL-GRBs, defined as having a luminosity L < 10 49 erg s −1 ) are taken into account. Since the current GRB sample with redshift measurement is inadequate for deriving the GRB luminosity function (LF), attempts to determine the GRB LF and the local GRB rate have been through fitting the log N −log P distribution or V /V max distribution of the CGRO/BATSE GRB sample (Schmidt 2001; Stern et al. 2002; LloydRonning et al. 2002; Norris 2002; Guetta et al. 2005) or through simulations Dai & Zhang 2005) . These works consider only high luminosity GRBs (HL-GRBs) with L > 10 50 ergs s −1 , and generally a broken power law luminosity function is suggested.
The 980425-like LL-GRBs are phenomenologically peculiar events compared with HL-GRBs, with low isotropic luminosity and energy in gamma-rays, simple prompt gamma-ray light curves, and large spectral time lags between light curves in low and high energy bands (Sazonov et al. 2004; Soderberg et al. 2004b; B. B. Zhang et al. 2006 in preparation) . It is uncertain whether the LLGRBs are intrinsically sub-energetic events (e.g., Wang et al. 2000; Soderberg et al. 2004b) or typical GRBs viewed far from the axis of the relativistic jets (Nakamura et al. 1999; Yamazaki et al. 2003) . If LL-GRBs are typical GRBs viewed off-axially, bright radio emission is expected when the relativistic jets are decelerated and enter the non-relativistic phase, typically ∼ 1 year after the GRBs. The lack of detections of such a late-time radio rebrightening for GRBs 980425 (Soderberg et al. 2004a) and GRB 031203 (Soderberg et al. 2004b ) has greatly constrained the parameter space for such a model (Waxman 2004a, 2004b and references therein) . Assuming that the LL-GRBs are consistent with the log N − log P relationship of the HL-GRBs, Guetta et al. (2004) argued that no bright burst within z < 0.17 should be observed by a HETE-like GRB instruments within the next ∼ 20 years. Unexpectedly, the Swift mission detected such a burst on 1 Feb. 18, 2006 slightly over its 1 year operation (Campana et al. 2006 ). Thanks to the abundant multi-wavelength observations to this burst, we now have an opportunity to study the nature of this LL-GRB in more detail (Wang & Mészáros 2006; Fan, Piran, & Xu 2006; Dai, Zhang, & Liang 2006) . This discovery implies that the GRB rate of the LL-GRBs should be much higher than previous expected (Pian et al. 2006; Cobb et al. 2006; Soderberg et al. 2006b ). In this letter we study the LF and the local rate of the LL-GRBs with the three LL-GRBs (GRBs 980425, 031203, and 060218) and infer the LL-GRB-to-Ib/c-SNe number ratio and the beaming factor of LL-GRBs. Our analysis method is described in §2. The observational constraints and our results are presented in §3. Conclusions are summarized in §4. Throughout this work H 0 = 71 Km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7 are adopted.
ANALYSIS METHOD
The GRB event rate at redshift
where R GRB (z) is the GRB event rate per unit volume as a function of z, Φ(L) is the GRB luminosity function, the factor (1 + z) −1 accounts for the cosmological time dilation, and dV (z)/dz is the comoving volume element at the redshift z, which reads
in a flat ΛCDM universe. We assume that R GRB follows the star formation rate as a function of redshift, and the parameterized star formation model SF2 presented by Porciani & Madau (2000) is used 1 ,
where ρ 0 is the local GRB rate at z = 0, i.e., ρ 0 = R GRB | z=0 . We consider LL-GRBs and HL-GRBs as two distinct populations, and characterize the LF of each population by a smoothed broken power-law,
where L b is the break luminosity and Φ 0 is a normalization constant to assure the integral over the luminosity function being equal to unity. Considering an instrument having a flux threshold F th and an average solid angle Ω for the aperture flux, the number of the detected GRBs after an observational period of T should be
where L max and L min are taken as 10 54 and 10 45 erg s −1 , respectively, and z max for a given burst with luminosity L is determined by the instrumental flux threshold F th through F th = L/4πD 2 L (z max ), Ideally, identifying the LF for both LL-and HL-GRBs require a large sample of bursts with known redshifts. The current sample contains about 70 bursts, which is contaminated by observational biases. Although still insufficient to pin down the LFs, this sample nonetheless poses interesting constraints to the LF parameters. We derive the parameters of the LFs and the local rates of both LL-GRBs and HL-GRBs using the following criteria. First, the absolute numbers of LL-GRBs and HL-GRBs in one year derived from Eq. (5) should be consistent with the Swift observation, i.e., N LL−GRB ∼ 1 and N HL−GRB ∼ 100. Second, at 3σ significance level, the 2-dimensional GRB rate distributions of both LL-GRBs and HL-GRBs in the [log L, log(1 + z)]-plane, as derived from Eq. (1), should accommodate the current GRBs with redshift measurements.
OBSERVATIONAL CONSTRAINTS
We collect the peak flux and spectral parameters of the GRBs with known redshifts from the literature. For a few bursts without peak fluxes we use the averaged fluxes. These peak fluxes are observed in different energy bands. We correct them to an energy band of 1 − 10 4 keV in the burst rest frame with the k-correction presented by Bloom et al. (2001) . For those bursts without spectral parameters we use a standard GRB spectrum, with a peak energy E p = 200 keV, a low energy photon index Γ 1 = −1, and a high energy photon index Γ 2 = −2. We convert the flux in units of photons cm −2 s −1 to erg cm −2 s −1 by adopting the spectrum mentioned above. We then derive the peak (or averaged) luminosities of these GRBs using the redshift information. For the three LL-GRBs, the relevant observational quantities are tabulated in Table 1 .
We calculate the model prediction for the Swift/BAT. The average solid angle Ω of the Swift/BAT is 1.33 (e.g., Band 2003 ) and the observation period T is taken as 1 year. The sensitivity curve of the Swift/BAT in the 50-150 keV band (Band 2003 ) is adopted. By adjusting the parameters of the LFs, the 3σ contours of the model predictions are compared against the data collected by Swift and previous missions in the 2-dimensional [log L − log(1 + z)] space. The reasonable LFs for both HL-and LL-GRBs are derived (e.g. Fig.1 ) through the constraints imposed by the data (e.g. Fig.2 ). The derived LFs are insensitive to some of the LF parameters (e.g. α 1 for HL-GRBs), and some LF parameters are coupled to each other when dṅ/dzdL is calculated. As a result, our derived LFs have certain degrees of degeneracy (e.g. Figure 1 is just one example of the LFs that generally satisfy the constraints). Nonetheless, most parameters are reasonably constrained.
We first constrain the LF of HL-GRBs. The peak luminosities of the HL-GRBs in our sample extends from 9 × 10 49 erg s −1 (GRB 020903) to 5 × 10 54 erg s −1 (GRB 050603), and the redshifts range from 0.17 (GRB 030329) to 6.29 (GRB 050904). Such broad luminosity and redshift distributions make the constraints on the LF more reliable. We take log L b =< log L > ±∆ log L in prior, where < log L > and ∆ log L are the average logarithmic 15-150 6; 7; 8 * References in order of z-measurement, Band-function spectral parameters (low energy index Γ 1 , high energy index Γ 2 , and peak energy E p ), and peak flux and energy band. References: (1) Tinney et al. (1998) ; (2) luminosity and its standard error for a given GRB sample, and let both α 1 and α 2 be free parameters. We derive < log L/10 50 >= 2 ± 1 from the HL-GRB sample. We thus adjust log L b to around 10 52 erg s −1 , and then derive α 1 , α 2 , and ρ 0 . With our criteria, except for α 1 , the other parameters are well constrained to L b ∼ 5 × 10 51 erg s −1 , α 2 ∼ 3.0, and ρ 0 ∼ 1.5 Gpc −3 yr −1 . We took α 1 ∼ 0.2 in Fig.1 , but steeper values of α 1 (up to 0.6) are also consistent with data. This α 1 and the derived L b are consistent with the LF inferred from the BATSE sample reported by Guetta et al. (2005) . The α 2 , however, is much steeper than that in Guetta et al. (2005) , who obtained α 2 ∼ 2. If we adopt α 2 = 2, the contours in Fig.2 would stretch towards high-L regimes, so that one over-predicts many high-L GRBs (with L > 10 53 erg s −1 ) at moderate to low redshifts.
The LL-GRB sample has only three bursts, with a luminosity distribution from 5 × 10 46 (GRB 980425) to 3.5 × 10 48 erg s −1 (GRB 031203). Their < log L > is 2 × 10 47 erg s −1 . We simply fix L b to this value and derived other LF parameters. Using our criteria, we obtain α 1 ∼ 0.1, α 2 ∼ 4.0, and ρ 0 ∼ 522 Gpc −3 yr −1 . Though with few bursts, these parameters are constrained without much degree of freedom. The low luminosity index (∼ 0.1) must be very shallow in order to accommodate GRB 060218 and GRB 980425. On the other hand, the high luminosity index (∼ 4) must be very steep (even steeper than that of HL-GRBs) to avoid producing too many GRBs with L ∼ (10 48 − 10 49 ) erg s −1 at moderately low redshifts (say, z ∼ 0.5).
The derived LFs are shown in Fig.1 . Combining the two LFs we present the predicted 3σ contour distribution of GRBs within 1-year Swift operation in the [log L, log(1 + z)]-plane. The Swift data and other long GRBs detected by the previous missions (BeppoSAX and HETE-2) are also presented. The model predictions with the LF presented in Fig.1 are well consistent with the observations, except in the region near the instrumental threshold where our model predicts a higher GRB rate than observed. This discrepancy might be caused by the low detection efficiency and biases against redshift measurements for weak GRBs (Bloom 2003) .
The derived ρ 0 of HL-GRBs (∼ 1.5 Gpc −3 yr −1 ) is comparable to that derived from the BATSE data (e.g. Schmidt 2001; Stern et al. 2002; Guetta et al. 2005) . However, ρ 0 of LL-GRBs (∼ 522 Gpc −3 yr −1 ) is much larger than that of HL-GRBs. This is consistent with that estimated by Soderberg et al. (2006b) , who suggest ρ 0 = 700 +1400 −500 Gpc −3 yr −1 . As a result, the observed local GRBs should be dominated by the LL population. Compared with the local Ib/c SN rate (4.8 × 10 4 Gpc −3 yr −1 ; Marzke et al. 1998; Cappellaro, Evans & Turatto 1999; Folkes et al. 1999) , the rate of LL-GRBs (on-beam only, not including those beamed towards other directions) is about ∼ 1% of the Type Ib/c SN rate. Most recently, Soderberg et al. (2006a) argued that at most ∼ 10% of Type Ib/c SNe are associated with off-beam LL-GRBs based on their late-time radio observations of 68 local Type Ib/c SNe. This result, combined with our result, suggest that the beaming factor of these LL-GRBs is at most a factor of 10, as contrast to a higher factor (∼ 100, Frail et al. 2001; Guetta et al. 2004 ) for HL-GRBs. This suggests that the LL-GRBs are less collimated, with an opening angle typically larger than ∼ 37
• . This is consistent with the observational data of GRB 060218 (Campana et al. 2006; Soderberg et al. 2006b ). 
CONCLUSIONS AND DISCUSSION
We have constrained the LF of both HL-GRBs and LLGRBs with the available Swift and other GRB data. In particular, in order to account for the detection of GRB 060218 in about 1-year operation of Swift, we argue that LL-GRBs must form a distinct sub-category of long GRBs. The LF of these GRBs is nearly flat in the range below ∼ 2 × 10 47 erg s −1 , but cuts sharply beyond this value. The inferred local GRB rates (ρ 0 ) are 1.5 and 522 Gpc −3 yr −1 for HL-GRBs and LL-GRBs, respectively. The observed local GRBs should be dominated by the LL-GRBs. The observed (on-beam) LL-GRB rate is ∼ 1% of the local Type Ib/c SNe. Combining with the fact that less than 10% of Type Ib/c SNe are associated with off-beam GRBs, our results suggest that the LL-GRBs have a beaming factor typically less than 10, or a jet angle typically wider than 37
o . There are two scenarios to explain the nature of the LL-GRBs. One scenario is that these are standard HL GRBs viewed off-axially. In order to account for the steplike two-component LF displayed in Fig.1 , the jet must include distinct two components, including a narrow HL component and a very wide LL component. Such a jet configuration is different from the conventional jet-cocoon picture in the standard collapsar model in which the cocoon component is not as broad as 37
o (e.g. Zhang et al. 2003) . Lacking detected radio rebrightening in GRB 980425 and GRB 031203 (Soderberg et al. 2004a,b) , this scenario is greatly constrained (Waxman 2004a,b) . The second scenario is that LL-GRBs are intrinsically different from HL-GRBs, with a low luminosity and a broad emission beam. These may be related to transrelativistic blast wave from the SN (Colgate 1974; Tan et al. 2001) . A strong thermal component was detected in the X-ray and UV-optical band for GRB 060218 by Swift, which might be related shock break-out (Campana et al. 2006) . This new thermal component may be also relevant to the prompt gamma-ray emission of this burst . Such unconventional observations and mechanisms suggest that LL-GRBs may be indeed intrinsically different events from HL-GRBs. LL-GRBs may then call for a different type of progenitors from those of HL-GRBs.
Although the three LL-GRBs share the properties of low redshift, sub-energetic, and GRB/SNe connections, diverse properties are also observed among them. The spectra of both GRBs 980425 and 031203 are similar to those of typical GRBs, and they significantly deviate from the Amati-relation (Amati et al. 2002) . GRB 060218, on the other hand, follows the Amati-relation and is one of the softest XRF observed so far, with E p ∼ 5 keV (Campana et al. 2006) . From Fig. 2 we observe that XRF 020903 (Sakamoto et al. 2004 ) and XRF 040701 marginally belong to the LL-GRB group. There is strong evidence that XRF 020903 was also associated with a SN1998bw-like SN, whereas there is no evidence for XRF 040701 being associated with even a very faint SN like SN 2002ap (Soderberg et al. 2005) . With the caveat of all these diversities, it is still an open question whether LL-GRBs form a uniform distinct GRB population.
